A Rat Model Of Mild Blast-Induced Head Trauma With Structural And Biochemical Abnormalities In The Absence Of Motor Deficits by Walls, Michael Kelso
Purdue University
Purdue e-Pubs
Open Access Theses Theses and Dissertations
Spring 2014
A Rat Model Of Mild Blast-Induced Head Trauma
With Structural And Biochemical Abnormalities In
The Absence Of Motor Deficits
Michael Kelso Walls
Purdue University
Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Cognitive Psychology Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation
Walls, Michael Kelso, "A Rat Model Of Mild Blast-Induced Head Trauma With Structural And Biochemical Abnormalities In The






A RAT MODEL OF MILD BLAST-INDUCED HEAD TRAUMA WITH STRUCTURAL AND 
BIOCHEMICAL ABNORMALITIES IN THE ABSENCE OF MOTOR DEFICITS 
A Thesis 




Michael Kelso Walls  
In Partial Fulfillment of the 
Requirements for the Degree 
of 
Master of Science 
May 2014  
Purdue University 





This work is dedicated to my loving wife, Daniela, whose saint-like patience has 
been tested by and has endured through the long nights in lab and in front of the 
computer. She has taken on more than her share around the house in addition to her 






I would like to acknowledge the efforts of several people whose contributions 
have either inspired, informed, or shaped this thesis and my tenure as a graduate 
student. First and foremost I'd like to thank co-advisors Drs. Leary and Shi for their 
guidance and support throughout this endeavor. It has been an exceptional learning 
experience both personally and professionally. I would also like to thank Dr. Duerstock 
for his invaluable expertise and consultation. 
This work would not have been possible without the cumulative efforts of my 
current and former lab-mates in assisting with the multifaceted approaches of this study. 
I would like to thank Ling, Glen and Park especially for their integral work on the 
biomarker assays. I’d also like to thank Betsy for her collaborative efforts on anxiety and 
depression assays and Nick and Mark for their essential feedback on this manuscript. 
Nick's role in development of the newest iteration of the apparatus was also invaluable. 
As is typical in science, things do not always go as planned and having a good 
support structure is critical for rebounding from failed efforts. For their countless 
conversations and commiseration I'd like to thank my colleagues, especially: Andrew, 
Desiree, Nick, Todd, Sean and Mark for both moral support and brainstorming at various 




Of course none of this would have been possible without the never-ending 
support of my parents Elwood and Marlene, whose faith in me has been endless and 
unwavering. As long as I can remember they have done nothing but feverishly 
encourage my curiosity, a trait that reinforces daily, my love of research and thirst for 
knowledge. I cannot thank them enough for all they've done to make me the person I 
am today.  
Last but certainly not least, my loving and devoted wife, Daniela, has been 
alongside for the good and the bad days and tolerated countless late nights in lab and at 





TABLE OF CONTENTS 
Page 
LIST OF TABLES AND FIGURES ............................................................................................ vii 
ABSTRACT  ............................................................................................................. viii 
CHAPTER 1. INTRODUCTION ..................................................................................... 1 
1.1 Blast Induced Neurotrauma ...................................................................... 1 
1.1.1 Relevant Neuroanatomy .................................................................... 1 
1.1.2 Pathophysiology of Blast Induced Neurotrauma ............................... 3 
1.2 Models of Blast Induced Neurotrauma ..................................................... 6 
1.3 Cellular/Tissue Damage Assessments and Methodology ....................... 13 
1.4 Behavioral Assessments .......................................................................... 15 
1.5 Aims of Current Research (knowledge gap) ............................................ 17 
CHAPTER 2. PHYSICAL CHARACTERIZATION OF BLAST MODEL .............................. 20 
2.1 Shock Tube Apparatus ............................................................................. 20 
2.2 Physical Characterization: Dynamic Pressure Measurements and 
Shadowgraphy .............................................................................................................. 21 
CHAPTER 3. ANIMAL MODEL OF BINT ..................................................................... 23 
3.1 Behavioral Metrics .................................................................................. 24 
3.1.1 Activity Box, Rotarod and Tail Suspension Tests ............................. 24 
3.1.2 Results .............................................................................................. 25 
3.2 Gross and Histological Tissue Assessments ............................................ 26 
3.2.1 Gross Sections with Evans Blue (EB) ................................................ 26 
3.2.2 EB/DiI Fluorescence and BBB Compromise ..................................... 26 
3.2.3 Hematoxylin & Eosin Brain and Lung Sections ................................ 28 





 3.3 BioMarker Assays .................................................................................... 29 
3.3.1 CRH (HPA stress pathway) ................................................................ 29 
3.3.2 Acrolein-Lysine (tissue homogenates) and 3-HPMA (urine) ............ 29 
3.3.3 Results .............................................................................................. 30 
CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS ........................................... 32 
4.1 Conclusions.............................................................................................. 32 
4.2 Future Directions ..................................................................................... 35 
BIBLIOGRAPHY  ............................................................................................................. 37 
TABLES AND FIGURES ........................................................................................................ 49 





LIST OF TABLES AND FIGURES 
........................................................................................................................................Page 
Table 1: Classification of BINT Severity ............................................................................... 49 
Table 2: Candidate Serum Protein Biomarkers ................................................................. 50 
Figure 1: Neuroglial Cells of the CNS ................................................................................ 51 
Figure 2: Open-Field Blast Apparatus ............................................................................... 52 
Figure 3: Schematic of New Blast Apparatus .................................................................... 53 
Figure 4: Shadowgraphy and Velocimetry ........................................................................ 54 
Figure 5: Open-Field Activity Box: Motor Assessment ..................................................... 55 
Figure 6: Rotarod: Motor Assessment .............................................................................. 56 
Figure 7: Tail Suspension Assessment .............................................................................. 57 
Figure 8: Gross Examination of Exposed Brain ................................................................. 58 
Figure 9: Microscopic Assessment of BBB: EB/Serum Albumin ....................................... 59 
Figure 10: Anatomical Correlates of BBB Compromised Region ...................................... 60 
Figure 11: H&E Blast Lung Photomicrographs .................................................................. 61 
Figure 12: Corticotropin Releasing Hormone in the Brain ............................................... 62 






Walls, Michael Kelso. M.S., Purdue University, May 2014. A Rat Model of Mild Blast-
Induced Head Trauma with Structural and Biochemical Abnormalities in the Absence of 
Motor Deficits. Major Professors: Riyi Shi and James Leary. 
 
 
Blast injury has been coined the “signature injury of the Iraq war” resulting in a 
surge of interest in understanding and addressing the corresponding pathological 
sequelae. As modern warfare develops into a distinctly guerrilla style combat by smaller 
terrorist groups against larger, regimented forces, tactics like suicide bombing and 
roadside bombing with Improvised Explosive Devices (IEDs) become more prevalent.1,2 
This increased use of IEDs countered with improved body armor and protective 
technologies has significantly increased the survival rate of such attacks.1,2 However, as 
survival rates have improved with body armor and other protective technologies, the 
incidence of reported head and neck injuries has increased2 and with it the incidence of 
long term cognitive, emotional, social and attentional deficits.3These symptoms and 
disorders are not limited to the battlefield; these are the same veterans who eventually 
return home and often have difficulty coping with transition to civilian life and a better 
understanding of the mechanisms and etiology of these disorders should assist in early 




Our lab has developed an animal model for blast injury using a compressed air 
chamber to deliver rapid explosive-like shock-wave exposures. The data shown here 
demonstrate physical, behavioral and biomarker based metrics used to evaluate the 
clinical relevance and severity of our injury model. The physical evaluation consisted of 
dynamic pressure transducer measurements to verify the range-dependent peak 
overpressure elicited by the blast. Following some initial evaluation of different 
exposure intensities, a mild blast was chosen for further analysis as a model surrogate 
for nonlethal blast exposure. Behavioral analysis using both an open-field exploration 
box and rotarod demonstrated no significant, gross motor deficits resulting from blast 
injury. However, further analysis using a tail swing tests suggest this injury model elicits 
significant depression-like symptoms compared to controls. Tissue and systemic-level 
examination for evidence of stress included assays for corticotrophin releasing 
factor(CRF), a known factor in neural circuits for anxiety and depression, and acrolein 
bound protein adducts in tissue and urine, markers of oxidative stress, indicative of 
membrane damage and lipid peroxidation. All three of these measured significant 
elevation in blast exposed animals. Imaging of extravasations of serum albumin, 
elevated in blast exposed animals indicated a possible mechanism of injury to the brain 
via inflammatory response to a foreign agent. 
This model represents an avenue for examining the etiology of blast induced 
neurotrauma, biomarkers for early detection, and evaluation of potential treatment 
strategies to alleviate long-term deficits which may arise from secondary injury 




CHAPTER 1. INTRODUCTION 
1.1 
1.1.1  Relevant Neuroanatomy  
Blast Induced Neurotrauma 
The brain is primarily composed of two cell types; neurons and neuroglia. 
Neurons are predominantly considered responsible for electrical signaling and 
communication of the neural information network. Neuroglia are subdivided further 
into microglia and macroglia (astrocytes, oligodendrocytes and ependymal cells). In the 
healthy adult brain, microglia function as the “cops on the beat”4 patrolling the 
parenchyma for abnormal conditions, foreign intrusions, degenerating cells and cellular 
debris then removing these defects5. For these functions and their proposed monocyte 
lineage, microglia are classified as the innate immune system of the central nervous 
system (CNS).5 Astrocytes, once thought to be simply supporting cells, are now 
understood to serve a plethora of functions.6 Astrocytes compose the CNS side of the 
blood brain barrier (BBB), maintaining the isolation of the CNS from the rest of the body 
while shuttling nutrients to neurons nearby. They also serve to modulate synaptic 
activity in what has be coined the ‘tripartite synapse’ including also the pre- and post-
synaptic neurons.7,8 Furthermore this modulation has more recently been connected to 
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synaptic plasticity and learning and memory functions.8,9 Oligodendrocytes 
produce membranous projections, which wrap the axons of neurons with myelin 
sheaths, facilitating high transmission rates for electrical signals to distant targets. This 
myelin insulation covers the axon except for narrow gaps where ion channels are 
densely aggregated called nodes of Ranvier. Myelin is critical to the process of saltatory 
conduction, wherein electrical signals are able to ‘jump’ from node to node rather than 
propagating along the entire length of the axon. Saltatory conduction is responsible for 
improved signal transmission speed, range and metabolic efficiency. Ependymal cells 
comprise the blood-CSF barrier, secrete and circulate cerebrospinal fluid (CSF), provide a 
support structure for the periventricular areas and serve as a source of neural stem 
cells.10 Through a complex labyrinth of interactions these widely varied cell types 
compose a highly ordered, delicately balanced network of chemical and electrical 
signaling supported in large part via buoyancy in CSF. Figure 1 is a graphical depiction of 
some of the cell types and connections in the CNS taken from “Vander’s Human 
Physiology”.11  
The brain consists of intricate networking, exhibiting fractal nature and distinct 
hierarchical patterns. This highly ordered, functionally distributed nature leaves the 
brain prone to injury by any insult that may perturb that order. Mechanically, the brain 
is supported by buoyancy within the skull and meningeal tissue in a bath of CSF which 
allows this large mass to retain shape and structure without any rigid infrastructure. 
Though this elegant solution provides maximized use of the intracranial space, it leaves 




the brain’s full momentum is loaded, upon impact, against the skull primarily onto a 
small surface region, of cortex, resulting in high localized tissue strain. These cortical 
surface regions are densely populated by neuronal and glial cell bodies. Many of the 
neurons with cell bodies residing in the cortex project to distant targets via white matter 
tracts, bundles of myelin-sheath insulated axons. In these axons, membrane integrity 
and myelin sheath are critical for signaling throughout the neural network. . Due to the 
distances spanned by the axons, they are susceptible to rapid tissue strains. These 
strains can result in membrane damage, myelin degradation and a subsequent 
biochemical cascade associated with the compromised axonal integrity and loss of 
trans-membrane ionic balance. Such tissue strains are naturally highest where the 
mechanical properties of adjacent tissues are mismatched (e.g. cortex/meninges/skull, 
vasculature/parenchyma)12. Specifically, the directionally oriented stiffness of white 
matter tracts has been experimentally verified13, reinforcing a plausible mechanism of 
diffuse axonal injury during high strain-rate loading. A complex interaction of stress and 
anisotropic mechanical properties of brain tissue likely results in greater susceptibility of 
white matter tracts to blast loading. It has also been shown that membrane damage is 
dependent on a combination of magnitude and rate of strain.14–16 It is plausible that this 
combination would render white matter tracts particularly vulnerable to the likely high 
strain rates elicited by blast exposure. 
1.1.2 Pathophysiology of Blast Induced Neurotrauma 
Though the specific mechanics of cellular injury are not fully understood, the 




accepted.17–19 Two opposing theories have been discussed at length in the literature 
regarding how blast wave energy transmits into the brain tissue causing neurotrauma. 
The obvious theoretical mechanism is direct cranial transmission of the stress wave 
elicited by the blast. The other theorized mechanism, pioneered by Cernak et al, is 
indirect transmission via pulmonary and abdominal vasculature conducting pressure 
transients to the brain.20,21 Recent studies have supported the plausibility of the latter 
mechanism.22–24 It is likely that aspects of both direct cranial and indirect thoracic routes 
may play an important role in the pathology of blast injury. Concurrent theories of 
damage hinge on the holistic tissue disruption which results in secondary biochemical 
damage due to degenerative processes that follow. The highly dynamic conditions of 
blast exposure produce tissue stresses and strains with effects concentrated in regions 
of mechanical impedance mismatch. One prominent example of this mismatch is the 
interface between stiffer intracranial blood vessels and softer brain tissues. Highly 
vascularized regions like the cortex and supramammilary nuclei may exhibit different 
mechanical impedances and anisotropies than other brain tissues due to additional 
vessel structures25. This impedance mismatch can result in energy deposition in the 
tissue during wave reflection at the interface. Therefore, it is likely that tissue stresses 
are concentrated at these interfaces, which can result in damage to the vessel walls and 
glial end-feet which comprise the BBB. Damage to the BBB results in increased vascular 
permeability to larger, normally excluded, molecules and cell types present in the blood. 
Studies have shown that extravasations of these foreign components result in reactive 




factors and interleukins)5,26; which then triggers immune response to the insult as well 
as signals stimulating localized phagocyte proliferation.27 The inflammatory response 
can have both positive and negative effects. Although immune cells work to clear 
damaged or dying cells and foreign materials, there is substantial collateral damage as 
well. The bio-signaling cascades and cytokine release following injury can induce 
neurodegenerative processes in nearby undamaged cells and also result in scar 
formation.26,28 
In addition to the BBB compromise and inflammatory responses, direct damage 
to the neuronal cellular membranes causes disruption of the ionic balance of the cell. 
Because intracellular calcium concentrations are normally low relative to the 
extracellular space, an influx of calcium occurs. This can begin a degenerative cascade 
toward cell death via calcium dependent kinase and protease activation. Furthermore, 
damaged cells can release reactive oxygen species (ROS) which can attack cellular and 
mitochondrial membranes releasing even more ROS. This process can be self-
proliferating and can easily overcome the endogenous antioxidant capabilities of the 
cells. Of particular interest in this degenerative process is a reactive aldehyde called 
acrolein. Acrolein is a highly reactive, long-lived (100 fold longer than transient ROS) and 
produces toxic intermediates when reacted with glutathione, the neurons’ innate 
antioxidant.29,30 In addition to damaging cell membranes the same reactivity damages 
the membranous myelin sheath insulating axons. Activated calcium-dependent 
proteases like calpain have been implicated in dismantling proteins that anchor the 




cause more damage than the initial mechanical damage. As one cell succumbs via 
necrotic death pathway, the neighboring cells are exposed to a disorganized waylay of 
cellular debris and reactive species rather than the organized and compartmentalized 
redistribution as in the apoptotic pathways. Furthermore, it is widely accepted that the 
central nervous system has predominantly limited self-regenerative capability, 
rendering these cellular casualties increasingly devastating. 
1.2 
To better understand the mechanisms of injury occurring during and following 
blast exposure a number of approaches have been taken. The classical approach to 
neurotrauma research, using cellular, ex vivo tissues, or in vivo animal models has been 
thoroughly represented in the literature18,32–38. These include a variety of species from 
mice and rats to dogs, sheep, pigs and even whales. 32–36 In vitro/ex vivo studies have 
provided critical insight to the mechanical interactions at the cellular and tissue level. 
While the holistic in vivo models provide more directly relevant data at the systemic 
level with regard to the multivariate effects of blast injury. Tradeoffs exist with each 
approach so it is the entirety of the research body combined that enables substantial 
progress. In the holistic in vivo models, although the systemic effects are intact, they are 
also potentially confounding when seeking specific therapeutic targets. On the contrary, 
with in vitro/ex vivo models, a reduced, simplified nature prevents systemic effects from 
masking the minutia of parametric perturbations affected in the model. However, the 
absence of systemic interactions potentially skews results due to missing cofactors. 
Another approach even further distanced from, yet dependent on, the in vivo/ex vivo 




data, is the regime of finite element modeling. Therein countless calculations based on 
mechanical properties, tissue subtypes, constrained by equations of state, constitutive 
properties and boundary conditions, allow researchers to run virtually infinite 
experiments probing each tiny section of digital tissue; all of which helps improve our 
understanding of the discrete mechanical interactions undergone by blast exposed 
tissues. Here each approach is discussed in detail and the advances in the field owed to 
each approach. 
The majority of the early work in blast injury, constrained by the technology of 
the period, used whole animal blast loading to probe for lethality, mechanisms of injury 
and also examine potential protective approaches. Current in vivo work seeks to 
continue lethality and mechanistic studies alongside parallel studies in vitro. Early 
advances included understanding the mechanics of the blast wave propagation, 
transmission and energy dissipation. Romba and Martin39 were some of the first to 
characterize blast exposure in an animal model (rhesus monkey). Their major findings 
indicated that overpressure rise time and duration depended on corporeal orientation 
with respect to the blast source. They also found that biological tissues caused 
significant attenuation of the blast waves, indicating that some degree of energy 
deposition was occurring.39 Later efforts by Richmond et al examined blast effects on 
eight different mammalian species. Their major findings included lethality curves (peak 
overpressure versus duration) for the 8 species tested and also described evidence of 
lung emboli, edema and hemorrhage.33 This was the first study examining multispecies 




polytrauma associated with blast injury whereas a PubMed search for “blast AND brain 
AND injury” revealed only a handful of older publications regarding post-WWII clinical 
cases of ‘blast concussion’.40,41 The literature only begins describing blast induced 
neurotrauma (BINT) experimentally in the 1970s with a paper by Nasonkin (in 
Russian).42 The literature almost entirely lacks description of primary blast neurotrauma 
until the 1990s. A second search using “blast AND neurotrauma” yields a 1995 
publication by Cernak describing ionic transients in brain tissue following blast injury.43 
Another study examined the role of microglia reacting to the insult of BINT describing 
the inflammatory response in a rat model. They showed widespread glial activation up 
to 21 days post injury. This was the first experimental evidence in the literature 
describing prolonged neuroinflammatory response to BINT and also alluded to potential 
secondary biochemical cascade.27 Another study linked clinical BINT presentations in a 
group of 49 men to neuroendocrine responses of the pituitary-adrenal system which 
plays an important role in the body’s response to biological stress.44 Subsequent work 
by Cernak et al examined symptomatic scoring systems for exposed personnel 
correlated with elevated serum levels of interleukin-1 and tumor-necrosis factor alpha, 
indicating degenerative processes were underway45 The data showed poor correlation 
with existing metrics from the Red Cross but good correlation with Pathology Scoring 
System (PSS) developed by Yelverton46 based on severity of lesions to various tissues 
and organs. These early works in this field laid groundwork for later studies probing the 




Recent studies in vivo have probed more extensively into correlation of injury 
mechanisms in relation to symptomatic blast deficits. In large part these modern 
investigations have evaluated the BBB compromise, histological and gross 
neuropathology and behavioral examinations including learning and memory, but also 
involuntary behaviors like apnea following blast exposure. More importantly to 
accomplish this mechanistic evaluation, many have integrated multimodal approaches 
to investigation. An excellent example of this multimodal approach is the recently 
published work of Cho et al.47 Using an exposure in a rat model similar to our lab’s, they 
examined oxidative stress (dihydroethidium staining), pro-inflammatory cytokines 
(interferon-gamma and monocyte chemoattractant protein-1), marker proteins for 
neurons and glial activation (NeuN and IBA-1 respectively) in addition to examining 
behavioral correlates for short-term memory (novel object recognition). Cho et al’s 
study correlated over a two week time-course the response to blast exposure at the 
cellular level through to the behavioral regime, indicating significant deficits in memory 
alongside evaluating the integrity of the underlying neural circuitry of the hippocampus, 
generally regarded as the major learning and memory processing hub. Other studies 
have addressed the relationship between blast exposure and delayed presentation of 
impaired behavioral correlates of depression, anxiety, learning and memory.48–53 . 
Another avenue of interest has been more careful examination of damage suffered by 
the BBB during and following blast exposure. Abdul-Muneer and colleagues examined 
the interaction of inflammatory responses, oxidative and nitrosative damage to the BBB 




disorder and dysfunction following blast exposure may be less dependent on immediate 
damage to neural aspects but rather dependent on BBB compromise resulting in a pro-
inflammatory environment and progressive neurodegenerative effects.54 Other recent 
multimodal approaches include that of Panzer and colleagues in combinations of ex vivo, 
in vitro and in silico models.55,56 
A major strength of ex-vivo and in-vitro models lies in the relatively inexpensive, 
high-throughput nature of their design. Furthermore the ability to remove complex 
interactions between experimental parameters enables an exceptional degree of 
freedom to parametrically examine the target research question. However in this 
strength lies the weakness with inability to translate conclusions from data to the more 
complex in-vivo systems. Nevertheless several important exploratory studies have been 
conducted in these regimes with regard to BINT. The literature is dominated by classical 
TBI models, which carry many similarities, but maintain several differences probably 
most important being the speed of mechanical waves of interest. Several studies of BINT 
in neuronal cultures employ experimental designs modified from classical TBI. High 
strain-rate ex-vivo models for BINT resemble that of Barclay Morrison and colleagues. 
Using organotypic hippocampal slice cultures on silicone membranes, stretching of the 
membranes is able to elicit high strain-rate injuries to the tissue enabling analysis of 
functional, biochemical and histological changes.38,57,58 Geddes-Klein et al describe a 
similar model applying pressures of ~35kPa to neuronal culture membranes to elicit 
high-speed strains. They also demonstrated enhanced transient calcium influx and 




dependent injury indicated persistent changes in neuronal calcium current in response 
to the excitatory neurotransmitter NMDA. Also, this dependency on injury modality 
illustrates the necessity for careful consideration of the micromechanics of any given 
injury model being studied. Panzer et al in collaboration with Morrison, recently 
developed a blast loading chamber using a shock tube and receiving chamber to expose 
in vitro tissue and cell culture models of BINT.55 Their device allows them to present 
variable peak overpressures and durations with characteristic Friedlander-type 
waveforms similar to real world explosive events. Furthermore, the low strain 
parameters of this device enable study of effects almost entirely due to overpressure 
loading of the sample. Effgen et al examined hippocampal slice culture and brain 
endothelial cell culture (BBB surrogate in vitro) on the apparatus described by Panzer et 
al and demonstrated cell death  and tight junction disruption in tissue and cell culture 
blast respectively.56 Overall contributions made by these in vitro studies have likely been 
most valuable in informing mechanical sensitivities of cells and tissues to blast loading 
events13,59 for finite element modeling approaches. 
More recent literature has established a broader scope of research interest and 
understanding of the widely varied parameters, injury types and symptoms associated 
with BINT. One such parameter which has been explored is acute and repetitive 
exposure to blast. Repetitive injury has been explored in traditional traumatic brain 
injury models quite extensively, clearly demonstrating either additive or synergistic 
effects of low level repeated exposures.60,61 Few studies directly relate the effects of 




begun to fill this knowledge gap. Elsayed and Gorbunov demonstrated a rat blast model 
of lung injury using repeated exposures from a shock tube but noted no significant 
cumulative effects a finding that was echoed in another study by Arun et al.62,63 
However their findings for time-course of injury suggest a rapid development of 
systemic oxidative stress, within one hour following injury. When considered alongside 
potential BINT, the systemic stress seems likely to exacerbate damage in the nervous 
system. On the contrary, a human study saw “no neurochemical evidence of brain injury” 
in serum or CSF under three different scenarios of (100 or more) repeated low-level 
blast exposures; howitzer, bazooka or ~25kPa detonating explosives.64 They evaluated 
the serum levels of  S-100β and glial fibrillary acidic protein (GFAP), markers for 
neuronal/axonal and glial damage respectively as well as BBB integrity indicator, CSF 
serum albumin content. However, the blast intensity generated was more relevant to 
the potential damage caused by firing explosive weaponry, which is far lower than 
overpressures elicited downrange, nearby exploding ordinance. More recently Tate and 
colleagues studied the effects of blast exposure during breacher training, an integral 
component of many military and SWAT training regimens for forceful entry into a room 
via explosive charges.65 Serum GFAP levels were found to be significantly elevated 
during the training period. Using post-hoc population based statistical analysis, they also 
found significant positive correlation between composite biomarker levels (GFAP and 
two neuronal damage markers) with ANAM neurological testing scores as well as self-
reported headache symptoms. In a rat model of repeated blast injury, activity in an 




with various measures. These results suggest a model of blast injury which elicits 
surrogate behavioral deficits relevant to human BINT cases of anxiety, learning and 
memory impairment.66 Elder and colleagues recently demonstrated both behavioral 
surrogates for PTSD and pathological findings in underlying neuro-circuitry in a model of 
repeated exposure BINT.67 They measured elevated levels of stathmin 1, a protein 
considered important in fear conditioning in the circuits of the amygdala. Considering 
the anesthetized preparation, this study represents unique evidence of mild BINT 
inducing lasting PTSD related traits in absence of psychological stressors. Similar findings 
of dysfunction were documented by Peskind and colleagues in a study of PET scans of 12 
Iraq War Veterans with one or more blast exposures.68 The data indicate 
hypometabolism in several brain regions including medial temporal lobe which houses 
the limbic circuits of the hippocampus and amygdala. These circuits are associated with 
long term memory, learning, fear and reward, and their dysfunction would correlate 
well with the typical symptoms reported following BINT. 
1.3 
In any injury model, quantification of the damage caused is paramount to proper 
validation of the model. For such a model of neurotrauma, assessment at both the 
cellular and tissue levels is recommended. Publications in BINT models often include 
both gross assessments and biochemical analyses. Commonly evaluation of the BBB 
integrity is executed either by histological techniques or gross dissection. Gross 
dissection was a major component of early blast research efforts, illustrating vascular 
damage, bruising and hemorrhage, primarily in moderate and severe injury models.33,39 




More information is obtained at the tissue and cellular level following histological 
techniques like basic staining, silver impregnation and immunohistochemistry (IHC). 
Basic staining techniques like hematoxylin and eosin (H&E) facilitate identification of 
cellular morphology and basic structures, but are limited in diagnostic value, or entail 
subjective expert analysis, especially in an anatomically subtle injury like mild BINT. Pun 
et al describe subtle, changes in H&E stained cerebral cortical grey matter, where 
stressed or dying neurons are ‘darkened’, more eosinophilic with perisomal spaces, a 
pattern which subsides in days following blast.69 Additional IHC revealed the apoptotic 
cells included astrocytes and oligodendrocytes but not microglia. Several applications of 
IHC have been useful in characterizing subtle tissue abnormalities in mild BINT.  Many of 
these biochemical targets are listed in Table 2 by mechanism. IHC techniques have 
improved understanding of the locations and biochemical mechanisms of damage. A 
study by Readnower et al exemplifies the comparative power of IHC where H&E staining 
revealed no differences, yet a statistically significant, time-dependent rise and fall of 
Immunoglobulin (IgG) was observed by IHC labeling.70 Other traditional TBI studies have 
employed the enzymatic marker tetrazolium choride, a classic TBI marker for 
metabolically compromised tissues, but this has yet to be examined in the more diffuse 
BINT models.71 
Ahmed et al performed an excellent study evaluating eight different biomarkers 
in CSF at five different time-points in a porcine model of BINT.72 Their observation of 
biphasic trends across all biomarkers except S-100β is unique; though arguments could 




considers the potential BBB compromise resulting in S-100β of systemic origin 
contaminating CSF, a substrate specifically intended to probe CNS exclusively. An 
alternative hypothesis for their data may be that the acute (mechanical) BBB 
compromise and brain damage results in the initial spike of all the biomarkers (t=6h), 
which begins to resolve itself (t=24h) and all the biomarker levels decrease; a temporal 
pattern consistent with a rat model of BINT showing resolution of BBB permeability 
beginning at 24 hours post exposure.70 Meanwhile, delayed systemic inflammatory 
response may provoke a second wave of neuroinflammation and the resultant 
resurgence of biomarker concentrations, specifically those sensitive to inflammatory 
signaling cascades. This conjecture is partially supported by the work of Abdul-Muneer 
et al suggesting a later role of neurodegenerative cascades following initial BBB insult, 
compromise and subsequent infiltration of non-CNS cell types (e.g. monocytes, 
macrophages) and associated inflammatory processes and oxidative stress elevation.54 
Others have evaluated tissue and cellular condition including cell membrane integrity, 
cytokine and protease activity (e.g. interferon-gamma, calpain, caspases) and 
expression.47,63,65,73 Others yet have taken the approach of studying hormonal changes 
following blast exposure.45,74 It is well accepted that hormonal fluctuations can have 
widespread effects on neural function and emotional response. 
1.4 
In conjunction with hormonal changes, it is feasible that concomitant damage to 
neural tissues could exacerbate resulting behavioral or emotional abnormalities. In light 





disorders is prudent for in vivo investigations. Execution of a model that generates an 
appropriate set of behavioral correlates is necessary for effective study of BINT. To 
assess damage in models of BINT researchers have often taken either of two major 
routes, the investigation of gross physical disability (e.g. in severe BINT) and the 
assessment of subtle deficits in emotional or cognitive function (mild and moderate 
BINT). Typical testing for gross motor capabilities is often performed to rule out severe 
BINT in models designed for mild-to-moderate BINT. Some examples of these tests 
included rotarod, open field activity-box, skilled reaching and beam walking. These tests 
are meant to rule out gross motor deficits in relatively low difficulty tasks. Ruling out 
gross motor deficits enables accurate analysis of potential higher-order cognitive 
dysfunction. 75 Learning and memory can be examined in a variety of ways including 
mazes for spatial navigation, novel object recognition and passive avoidance tests. 50 
Each of these tests can provide clues to the animal’s ability to interact with its 
environment. More ethological tests like social interaction and habituation to partner 
animals in varied conditions are used to provide more relevant social behaviors and 
insight regarding states of anxiety and depression.76–79 One such test is the tail-swing 
which is interpreted as an escape-versus-apathy type of construct. The animal is 
restrained, suspended by the tail for a period of time. The time spent actively moving in 
attempt to escape is quantified and hypoactivity is considered surrogate for depressive 
state.80  
Combining approaches in physical, biochemical, cellular and tissue level 




testing enables a holistic view of BINT mechanisms and symptoms. A holistic approach is 
necessary to advance the understanding of the complex interplay in this pathologic 
condition. The large body of existing literature suggests a recent shift toward this 
strategy. 
1.5 
Early studies helped to establish several of the fundamental research questions 
within the field of blast neurotrauma research, of which the following are still 
unanswered: what parameters are most critical to lethality of BINT? Which systemic 
factors contribute to BINT? How do primary (physical trauma) and secondary 
(biochemical degenerative processes) interact in BINT? What intervention strategies 
might be effective to alleviate degenerative processes in BINT? Some of the work 
discussed above has led to improved, though incomplete, understanding of the 
pathology of BINT. The primary aim of this work has been to develop an injury model 
that represents similar pathological sequelae to those seen in humans subjected to 
blast exposure with mild BINT. Using this model we can probe the functional and 
biochemical sequelae in mild BINT. The specifications that describe mild primary BINT 
are enumerated in Table 1 (adapted from Agoston and Elsayed, 2012). The relationship 
between BINT and oxidative stress has been well studied, yet no published 
investigations to date have linked acrolein to BINT. Considering the indirectly self-
proliferating nature of acrolein endogenously, it’s high reactivity with nucleophilic 
amino acid residues of proteins and lipoproteins30,81 and nucleophilic regions of DNA82, 
and it’s previously established role in oxidative stress in spinal cord injury and other 




diseases83, we are investigating the role of acrolein in BINT. The hypothesis that 
endogenous acrolein levels are elevated in BINT, which exacerbate initial mechanical 
injury via secondary biochemical processes by compromising cellular antioxidant 
capabilities, is examined. Through close examination of oxidative stress biomarkers, 
behavioral surrogates for BINT symptoms and evidence of anatomical disruption, this 
hypothesis was tested. 
In addition current literature does not present a consensus opinion of viable 
options for rapid diagnosis of BINT. Likely candidates include psychological and 
neurological screening, biomarkers for potential damage (see Table 2, adapted from 
Agoston and Elsayed, 2012), advanced medical imaging techniques, and portable blast 
sensors84 for calibrated analysis of exposure conditions. Unfortunately current options 
in these categories generally fall short of their intended applications. Psychological and 
neurological screening have been notoriously insensitive or nonspecific in diagnosing 
BINT symptoms and severity.24,85,86 Some of this insensitivity may be an artifact due to 
the predominant military populations examined and self-diagnostic symptoms being 
delayed, underestimated or underreported, fearing perceived weakness or associated 
stigma.3,87–89 Research into biomarkers has been recently successful in identifying some 
chemicals indicative of BINT. Some examples of these biomarkers include inflammatory 
factors (TNF-α, interleukins) hormonal fluctuations (cortisol, ACTH)44, BBB compromise 
and glial damage (s-100β, c-tau).88 Unfortunately, these biomarkers have shown limited 
predictive capability for long term deficits or poor acute sensitivity following mild BINT. 




intervention strategies, both acute sensitivity and long-term prognostic ability should be 
satisfied. One approach may be employing a hybrid screening system using 
combinations of two or more; non-invasive biomarkers, cognitive function screens, or 
portable blast sensors. Though it has been described in the literature as a diagnostic 
option for BINT, sensitivities are low and the techniques are still nascent for advanced 
medical imaging techniques. Application in the field is logistically an unrealistic 
proposition of cost/benefit as the technologies are both expensive and cumbersome to 
run especially in the unstable environment of a war-zone. It is instead proposed that 
laboratory tests of rapidly available and high throughput testing of urine or serum 
biomarkers be used to perform triage functions with regard to diagnostically elusive 
conditions like mild BINT. These high-throughput screens enable more complete 
objective evaluation of the patient population than self-reporting individuals and also 
bypass the problem of soldiers downplaying symptoms. At-risk patients could 
subsequently be sent to more permanent medical installations for advanced imaging 




CHAPTER 2. PHYSICAL CHARACTERIZATION OF BLAST MODEL  
2.1 
The blast chamber consists of a custom built stainless steel loading chamber and 
chute bolted together with a 0.025mm thick poly (ethylene terephthalate) (PET) 
membrane (McMaster-Carr, Chicago, IL) and o-ring sealed in between. Compressed 
nitrogen was used as the driver gas and delivered to the chamber via custom built 
pneumatic switch control. The chamber consists of two stainless steel tubes attached by 
circular flanges with a groove and o-ring, sealing the sacrificial membrane between the 
two pieces. The apparatus is pictured in Figure 2.  
Shock Tube Apparatus 
The first iteration of the blast apparatus used a steel platform to support the 
animal during the exposure. Following characterization of the model under these 
conditions90, we considered that the reflecting blast wave may have compound injurious 
effect. In order to improve the dynamic range of the exposure dosing, to provide graded 
classes of injury, we proposed an open-field model. The open-field model would allow 
the blast wave to interact with the animal, but then pass by rather than reflecting back 
from a hard surface for a second pass over the specimen. The reduction in reflected 
waves also was intended to simplify interpretation of the blast wave-tissue interaction. 




animal support in the open field (see Figure 2). This first version was used for the 
majority of the experiments discussed herein, and unless otherwise noted the data 
correspond to the version 1 open-field apparatus. Following characterization and 
several experiments, plans were made for upgrading the open field apparatus to 
provide more rigid, stable construction and a modular apparatus to facilitate future 
adaptations of the apparatus including a longer driven section and threaded ports for 
pressure-transducer mounting. The diagram in Figure 3 shows the improved setup. 
2.2 
Blast events were characterized using DPX101-250 dynamic pressure transducer 
(Omega Eng. Inc., Stamford, CT). Signal acquisition was performed at 200 kHz using a 
custom LabView™ virtual interface (National Instruments Corp., Austin, TX). Waveforms 
for peak overpressure were obtained to verify repeatability and dosing. 
 Physical Characterization: Dynamic Pressure Measurements and Shadowgraphy 
Shadowgraphy was used to characterize the blast and verify the shockwave 
presence and velocity. A custom optics column was assembled using components from 
ThorLabs (Newton, NJ). We assembled a laser diode (DJ532-40, ThorLabs), diode driver 
(LDKIT-1.5A-TO: Newport, Irvine, CA), beam expander (BE20M-A, ThorLabs) and high 
speed camera Phantom V7.1 (Vision Research, Wayne, NJ). Images were captured at 
66,667 frames per second backlit by the beam-expanded laser source. This provided 
visual confirmation of the composition of a fully developed shockwave and permitted 
calculations for wave velocity. 
This model was shown to produce three significantly different blast overpressure 




overpressure means and standard errors were: 852, 700, 414 and 30.8, 47.1, 15.7kPa 
respectively for ‘severe’, ‘moderate’ and ‘mild’ blast. The ‘moderate’ level was chosen 
for in vivo study due to the correlation to previous literature describing injury/lethality 
curves for different overpressure amplitudes and durations.50,91 As expected, mortality 
rates were similar for our ‘moderate’ blast to those presented in Cernak et al (2011) at 
just over 10%. 
Shadowgraphy images were collected and analyzed using the native CineViewer 
application for the phantom camera. Wave speeds were calculated to range from 403-
442 m/s for the shockwave front. The supersonic velocity alongside the sharply 




CHAPTER 3. ANIMAL MODEL OF BINT 
All live animal procedures were conducted under animal use protocols approved 
by Purdue Animal Care and Use Committee. Animals were anesthetized with 
Ketamine/Xylazine cocktail (80mg/kg and 10mg/kg respectively). Following verification 
of absence of toe-withdrawal reflex, animals were secured in the blast apparatus with a 
thin latex band covering the eyes and ears from potential shearing effects and a custom 
acrylic shield covering the body from the shoulders to the tail. The platform consisted of 
a rigid wire grid allowing the blast wind and shockwave to pass freely beside the animal 
better simulating a free-field blast exposure. Though several exposure intensities were 
characterized, a mild, non-lethal blast was selected for the purposes of this study. The 
‘moderate’ level exposure corresponds symptomatically to mild/moderate BINT, as seen 
in Table 1. It is characterized by non-penetrating blast with loss of consciousness lasting 
less than 30 minutes (animals, though anesthetized, would generally recover in less than 
30 minutes). This exposure level was intended to have low mortality, yielding no 
measureable motor deficits. 
Immediately following exposure, animals would often suffer seizures for as long 
as 30 seconds before recovery and showed some temporary signs of cardiopulmonary 




Cheng et al 2010.92 Most animals with these symptoms recovered in less time and 
without assistance. It is suspected these seizures and apneic events resulted from the 
neurotrauma and its likely affect on the breathing centers of the brainstem. 
3.1 
3.1.1 Activity Box, Rotarod and Tail Suspension Tests 
Behavioral Metrics 
Gross motor deficits were examined by 30 minute excursion sessions in an open 
field activity box as described by Koob et al 2006.93 Briefly the activity was evaluated for 
distance travelled, average speed and percentage of total box area explored. 
Additionally, rats were evaluated for locomotion on a rotarod. The rotarod speed ramps 
gradually from 0 to 30 revolutions per minute (rpm) over two minutes and remains at 30 
rpm until stopping at the three minute mark or earlier if the rat falls. Criterion was 
developed to ensure animals were accustomed to the apparatus and testing before 
exposure. Criterion for pre-BINT training was two of three runs attaining 30 rpm (top 
speed). Rats were given two days recovery period before post-blast re-evaluation on 
rotarod and activity box to eliminate possible effects of anesthetic. 
The tail swing paradigm was chosen to evaluate depression-like symptoms 
relative to control animals. The rat’s tail was first wrapped in cloth, low tack, bandage 
tape then wrapped with duct tape to provide a both a strong suspension capability and 
prevent damage to the animal’s tail. The rats were freely suspended approximately two 
feet from the ground. Video recording began once suspended for a one-time, five 




(pendulum-like) swinging was performed for both naïve and blast exposed animals for 
group comparison.  
3.1.2 Results 
Behavioral analysis of motor function in an open-field activity box indicated no 
significant deficits resulting from the blast exposure (Figure 5). Analyses included 
average speed (A), distance traveled (B) and percent area covered (C). Though blast 
group means were lower in average speed and distance traveled, differences were not 
found to be significant between groups (n=4/group). This further suggests this exposure 
is rather of mild or moderate intensity. However the small sample size and large 
variability may be a product of the low spatial-resolution of the activity box data. A 
power analysis on the data suggested an additional 13-58 animals, depending on the 
measurement, in order to assess significance in this model with an alpha of 0.05. 
Current efforts are being made to transition to a video capture system with higher 
spatiotemporal resolution. The new testing paradigm will be reevaluated using the new 
system to validate current data. Rotarod data also fails to indicate significant differences 
in motor function between the pre and post BINT animals (Figure 6). Animals had no 
difficulty reaching the criterion behavior for the rotarod task. The categorical nature of 
the rotarod assessment may however lead to insensitivity in assessing behavior. The 
rotarod may fail to be challenging enough to the animals to elucidate functional 
differences. A power analysis on the data suggested an additional 21 animals in order to 
assess significance in this model with an alpha of 0.05. However, pilot data using the tail 




The exposed animals spent significantly (p = 0.026, t-test) less time actively attempting 
escape. The two groups, control and BINT respectively had mean +/- s.e.m. activity 
times of 131.6+/-14.8 and 212.4+/-6.45 seconds. 
3.2 
3.2.1 Gross Sections with Evans Blue (EB) 
Gross and Histological Tissue Assessments 
Quantification of BBB compromise included evaluation of extravasation of Evans 
Blue (EB) dye, an azo dye with very high affinity for serum albumin. The premise for this 
evaluation is based on the affinity of the dye for albumin and the BBB size exclusion of 
albumin (~67kDa). Previous studies have used EB extravasation in homogenized tissue 
assays, and gross sections for ischemia/reperfusion injury, cerebral hemorrhage and 
cortical contusion injury.94–98 Gross slices (~1.5-2mm thick) were sliced using a brain 
matrix guide. Photographs were taken of serial sections to demonstrate degree of EB 
extravasation.  
3.2.2 EB/DiI Fluorescence and BBB Compromise 
The focal nature of ischemia/reperfusion injuries facilitates macroscopic analysis; 
however the diffuse and subtle nature of BINT necessitates a more delicate approach. 
Due to the minimally informative EB evaluation in gross slices, confocal microscopy was 
employed to look at EB extravasation in closer detail. Blood brain barrier (BBB) 
compromise was assessed by fluorescence microscopy imaging of formaldehyde fixed 
brain slices to quantify anatomical distributions of serum albumin extravasation. 
Vascular margins were visualized using methods adapted from Li et al 2008.99 Using 




intraperitoneally three hours before BINT and allowed to enter vascular circulation. EB 
was dissolved at three percent (weight/volume, w/v) solution in normal saline. 
Noticeable bluish grey hue in normally pink tissues served as confirmation of vascular EB 
uptake. Occasional injections of EB into the gut rather than peritoneal cavity (evidenced 
by dark blue/black feces with no noticeable blue hue to normally pink tissues) required 
a second dose of EB. Following BINT, the animals were allowed to recover for three 
hours during which extravascular albumen could accumulate. Animals were then 
transcardially perfused with oxygenated Krebs solution (~300ml) until perfusate ran 
clear and liver and lung tissue were pale in color. Immediately following, approximately 
60ml of a solution of DiI (12% w/v) in 1X PBS was perfused followed by approximately 
60ml of 4% paraformaldehyde in 1X PBS. The brain was extracted and sliced in gross 
sections approximately 1.5mm thick for thorough post-fixation overnight in 4% 
paraformaldehyde. Vibratome (Electron Microscopy Sciences, Hatfield, PA) sections 
were cut 100-200µm thick and placed in 12 well plates submerged in 1X PBS until 
subsequent imaging. Imaging was performed within 24 hours of final sectioning and 
within 48hours following perfusion. 
Extravasation of serum albumin was evaluated by Evans blue fluorescence on a 
Zeiss LSM710 (Carl Zeiss, Oberkochen, Germany) with laser lines exciting at 633nm and 
514nm for Evans Blue and DiI respectively. Emission spectra detection parameters for 
EB and DiI respectively were 634+nm and 515-632nm. The following parameters were 
kept constant for across acquisition sessions: pinhole diameter: 213µm, dwell time: 




performed with 10X objective at 0.6x zoom with tile-scan parameters adjusted 
according to slice area. 
3.2.3 Hematoxylin & Eosin Brain and Lung Sections 
Basic staining using hematoxylin and eosin (H&E) was done to examine standard 
histological markers for injury. Briefly, rats were sacrificed one week post blast. Rats 
were anesthetized and perfused transcardially with either PBS or Kreb’s solution 
followed by approximately 200-300ml 4% paraformaldehyde, taking special care not to 
damage the lung tissue. The delicate lung tissue was extracted first, then brains were 
carefully extracted to minimize artifactual tissue damage. Specifically lung tissue was 
gently inspired with fixative, using a plastic transfer pipet, to improve fixation 
throughout the tissue. Lung and brain were post-fixed in 4% paraformaldehyde for at 
least 24 hours. Following post-fixation, tissues were processed by a standard method of 
dehydration through a series of alcohol baths and xylene, then embedded in paraffin, 
sectioned at ~10-15um, mounted on gelatin coated slides and later stained with H&E.  
3.2.4 Results 
Macroscopic examination of Evans Blue staining yielded only rare and mild 
subdural petechial hemorrhage. Most specimens showed no overt damage similar to 
the specimen in Figure 8. Microscopic evaluation of tissue slices showed localized 
elevations of serum albumin in brain parenchyma. Local extravasations of serum 
albumin were indicated by fluorescence emission (Figure 9) of EB outside of vasculature 
(indicated by DiI fluorescence). Regions of extravasation included periventricular areas 




medial forebrain bundle, olfactory tubercle (including the islands of Calleja), and ventral 
pallidum; areas associated with reward circuitry (see Figure 10). The inset in Figure 9F 
from 9D shows the ventromedial region with pronounced fluorescence in the blast 
exposed animal. Note also the, less pronounced, yet still elevated fluorescence around 
the cortical regions also typical in the blast exposed animals. Fluorescence level 
differences for the ventral regions (e.g. Figure 9E and 9F) are quantified in the bar graph 
(Figure 9G) illustrating the significant difference between sham and blast exposed 
animals (p<.005, n = 4). Basic staining with H&E showed no abnormal findings in lung 
(Figure 11) or brain tissues (not shown). The absence of pathological evidence in the 
lungs suggests the shielding of the body caudal to the neck is effective in this model. 
3.3 
3.3.1 CRH (HPA stress pathway) 
BioMarker Assays 
Western blotting of, Kreb’s perfused, brain tissue homogenates was performed 
to evaluate the presence of corticotrophin releasing hormone (CRH) following blast 
injury. Due to its critical role in the hypothalamic-pituitary-adrenal stress pathway, it 
was considered a candidate for evaluating stress hormonal changes following blast. In 
brief, whole brain tissue was homogenized, purified and processed with western 
blotting. Bands were developed using immunofluorescent labeling for CRH against a β-
actin reference and compared to protein standard. 
3.3.2 Acrolein-Lysine (tissue homogenates) and 3-HPMA (urine) 
Biomarkers for cellular and tissue stress were assessed in both homogenized 




oxygenated Kreb’s solution, brain tissue was removed and samples were weighed and 
homogenized for dot blot assessment of acrolein-lysine protein adducts as previously 
published.100 Urine 3-HPMA was also collected and quantified as published in the 
aforementioned paper. Briefly, urine was collected in standard metabolic collection 
cages prior to BINT and daily for three days following exposure. Urine was prepared 
using solid phase extraction before liquid chromatography with tandem mass 
spectrometry (LC-MS/MS) analysis as published in detail (Zheng et al, 2013) based on 
previously published methods.101 Urine samples were standardized for concentration 
using a creatinine assay under an assumption of normal renal filtration rate. 
3.3.3 Results 
Immunoblotting results for CRH levels, shown in Figure 12 indicate significant 
increase in CRH levels in the BINT group compared to the controls (p = 0.04, t-test, n = 
3,4 for control and BINT respectively. This elevation in CRH suggests significant increase 
in stress response to the blast exposure. 
Dot blotting technique using homogenized tissue from rats sacrificed at one and 
five days post blast indicated significant (p<.001, p<.05 respectively) elevations in 
acrolein-lysine adducts compared to control as shown in Figure 13. Also, by five days 
post blast, though still significantly elevated relative to controls, acrolein-lysine adducts 
had significantly decreased (p<.05) relative to day one levels. Supporting a hypothesis 





A second biomarker for oxidative stress, 3-HPMA analyzed by LC-MS/MS in the 
urine of blast exposed animals at 24, 48 and 72 hours post injury. 3-HPMA, a metabolite 
product of the reaction of acrolein and glutathione, showed elevated levels in the urine 





CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS 
4.1 
Behavioral analysis using both an open-field exploration box and rotarod 
demonstrated no significant, gross motor deficits resulting from blast injury. This finding 
is consistent with clinical presentations of mild BINT exposure. Despite the absence of 
significant motor deficits, significant biochemical change was detected in this injury 
model. Acrolein bound protein adducts and metabolites in tissue and urine are markers 
of oxidative stress, indicative of membrane damage and lipid peroxidation. Both of 
these were measured with significant elevation in blast exposed animals. Furthermore 
imaging studies of extravasations of serum albumin, elevated in blast exposed animals, 
indicate a possible mechanism of injury to the brain via inflammatory response to a 
foreign agent.  As a consequence of this inflammatory response, many neurons may 
succumb as collateral damage in the environment of elevated oxidative stress. It has 
been definitively shown that oxidative stress can damage neurons, synaptic proteins, 
and axon structural proteins. Evidence has been shown here implicating acrolein, a 
highly reactive aldehyde in depletion of glutathione and attack of lysine residues. 
Conclusions 
Interestingly Garman et al (2011) showed similar contralateral (to blast) 




 authors recognize this contralateral injury may be the result of tertiary blast effects due 
to insufficient head restraint (coup-contrecoup injury). However as suggested by 
Garman et al, it may also be attributed to skull flexion and the shockwave implosion 
around the contralateral side. What is most interesting is consideration of the neural 
circuits involved in these areas of the brain most susceptible to blast exposure. The 
cellular and tissue level stress elicited by the blast directly and/or the subsequent 
inflammatory processes and their effects on the functional nature of these circuits. 
Considering the involvement in reward circuitry it is conceivable that cellular stress and 
damage in these areas could contribute to emotional and behavioral deficits like those 
seen in people with BINT. Our data also show similar consistently elevated signal near 
the median eminence in both control and injured tissues. This evidence of ‘leaky 
vasculature is not entirely unexpected considering the circumventricular nature and 
proximity to neuroendocrine regions whose signaling both modulates and depends on 
this leaky vasculature.103 Namely the Hypothalamic-Pituitary-Adrenal (HPA) axis 
depends on this vasculature for circulation of adrenocorticotropic hormone to reach the 
adrenal glands to stimulate release of cortisol in response to stress. Stress to the median 
eminence following blast exposure may in fact cause trauma to the HPA and result in 
exacerbated stress response systemically. Another notable observation is the difference 
in vascular structural definition in the BINT tissues. One possible consideration may be 
vasoconstriction in the BINT brain due to post injury vasospasm however vascular 




Furthermore, despite the mild/moderate nature of the exposure, acute 
biomarkers are significantly elevated and detectable in the urine. Employing simple 
urine sample collection and analysis for personnel with potential blast exposure could 
provide the necessary rapid diagnostics to help field doctors better address the 
immediate needs of the patient regarding potential BINT. The entirely noninvasive 
nature of urine collection provides a much lower barrier to collection than for serum 
biomarkers, facilitating continuous monitoring of at-risk populations. The authors do 
entertain some potential concerns for acrolein based biomarkers in a military 
population due to high prevalence of cigarette smoking, a prominent source of 
exogenous acrolein. Nonetheless, there exist potential treatment avenues by combating 
oxidative stress cascades to ameliorate progressive degeneration. One interesting 
aspect of the biomarker data is that the urine 3-HPMA levels lose significance by day 3 
post blast, while the acrolein lysine byproduct held significantly elevated levels through 
day 5. One potential explanation would be sub-acute recovery of BBB integrity may 
reduce circulating biomarker levels of brain injury. The authors propose that this may in 
fact be evidence of the endogenous glutathione reserves becoming exhausted thereby 
reducing the 3-HPMA byproduct. If this is indeed the case, it would confirm the critical 
role of acrolein in oxidative stress in BINT.  
In conclusion, we have developed an animal model for blast injury using a 
compressed air chamber to deliver rapid explosive-like shock-wave exposures. The data 
shown here demonstrate physical, behavioral and biomarker-based metrics used to 




evaluation of different exposure intensities, a mild blast was chosen for further analysis 
as a model surrogate for non-lethal blast exposure. This model has provided a 
framework for evaluating oxidative stress related biomarkers in BINT, subsequent 
studies will build on this work for evaluation of therapeutic approaches and more 
sensitive behavioral tests for higher level cognitive and emotional deficits. Eventually 
our biomarker based diagnostic may inform new treatment avenues and facilitate more 
timely medical intervention for BINT victims. 
4.2 
The inconsistency between detection of acrolein-lysine adducts and urine 3-
HPMA may indicate difficulty for application of urine 3-HPMA as a biomarker, it may 
also be dependent on sensitivity differences between tissue concentrations and 
systemic concentrations. Regardless, further investigation of this model would be well 
served by simultaneous collection of established, serum biomarkers like GFAP and S-
100β which have been thoroughly vetted in the literature and have known correlations 
to neuroglial damage, oxidative stress and BBB compromise. Correlation of these 
biomarkers is presumed to indicate better sensitivity of 3-HPMA in urine due to its 
stability and small size (MW: 94Da) compared to the protein S-100β (92a.a., 
MW:~10.7kDa) which, though highly soluble (mobile) is approximately 100 times larger. 
It is of particular interest to determine the severity and temporal dependence of these 
two biomarkers on BBB permeability regarding their viability as diagnostic indicators of 





Another recently completed addition to the characterization of this injury model 
has been an upgrade in our activity box apparatus. We have now incorporated video 
tracking which provides much higher resolution movement data alongside the ability to 
more closely examine subtle changes in open-field animal behavior. Preliminary 
evaluation of an intermediate apparatus was performed using a custom Matlab script to 
generate heat maps of animal movement. In addition assays for working memory are 
slated including Morris Water Maze task. More rigorous examination of anxiety, 
depression and social interaction are underway to tease apart more subtle cognitive 
deficits that may be associated with this model. These assessments will enable more 
direct comparison to the symptoms presented clinically in blast exposed patients. 
Immunohistochemical staining is planned for blast exposed tissue sections to 
further evaluate subtle, diffuse evidence of cellular stress, BBB compromise, and neuro-
inflammation within anatomical context. 
Assessment of the shock tube parameters is underway following the 
construction and initial testing of the new modular, free field blast apparatus (Figure 3). 
Investigation parameters should include, chute length, membrane thickness and higher 
transducer channel counts which better describe the blast physics. These additional 
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TABLES AND FIGURES 
 
Severity Mild Moderate Severe 
Principle Injury 
Mechanism 
Non-penetrating blast Frequently, mixed blast & 
acceleration/deceleration, 
usually non-penetrating 





t < 30 minutes 30 minutes< t < 24 hours t >24 hours 
Amnesia t < 24 hours 24 hours< t < 7 days t > 7 days 
GCS 13-15 9-12 <9 
Imaging Negative, no diagnostic 
confirmation = DAI 





Comorbidity PTSD; overlapping 
symptoms 



















severe, chronic physical 
and neurophsychiatric 
disabilities 
Table 1: - Classification of BINT Severity(adapted from Agoston and Elsayed, 2012). LOC: 
loss of consciousness, AOC: alteration of consciousness, GCS: Glasgow coma score, DAI: 




Table 2: Candidate serum protein biomarkers by pathological mechanism and injury 
severity (adapted from Figure 2 of Agoston and Elsayed, 2012, and updated as of 
2013) 
Biomarker   Origin/
Localization  
Function  bTBI Experimental bTBI Clinical TBI Experimental TBI Clinical 






Intracellular signaling, Ca2+ binding, 




  Yes3, 4 Yes5-11 
  
NSE Neurons Neuronal cyto-
plasm 
Glycolytic enzyme, regulation of 
intracellular chloride level 
Yes2, 14, 15   Yes3, 16, 17, Yes5, 8, 9, 11, 18 
GFAP Astroglia Cytoskeleton  Yes1, 2, 15, 50 Yes,Tate et al 2013  Yes17 Yes11, 20 - 22 
MBP Oligodendrocytes White matter, 
axons 
Involved in myelination Yes1   Yes23 Yes2, 24 




     Yes25, 26 Yes11, 27, 28, 51 




 Yes1, 15     Yes7 
Hsp70 Ubiquitous Nucleus, cyto-
plasm 
Transcribed upon cellular stress to 
protect cell 
      Yes11, 29 
Secretagogin  Neurons, neuroendo-
crine tissue 
Nucleus, cytosol Ca2+ binding protein       Yes11 
IL -1β Glia, immune cells Serum, cell 
receptors response 
    Yes30 Yes11, 31, 32 
IL -6 Glia, immune cells Serum, cell 
receptors response 
      Yes11, 31, 32 
IL -8 Glia, immune cells Serum, cell 
receptors response 
  Yes33   Yes11, 31, 32 




  Yes33 Yes34 Yes31, 32 
UCH -L1 Neurons, neuroendo-
crine tissue 
Cytoplasm Ubiquitin hydrolysis Yes2   Yes35 Yes27, 36, 37 





    Yes38, 39 Yes8, 11, 40 
Alpha II -Spectrin Neuron, axon Cytoskeletal  
membrane 
Structural component of neuronal/
axonal cytoskeleton 
    Yes41 Yes27 
SBPs Neuron, axon Serum Cleaved by calpain - and caspase -
derived proteases 
    Yes42-44 Yes27 
Ceruloplasmin  Ubiquitous Serum Copper -carrier protein involved in 
copper and iron metabolism 
      Yes45, 46 
vWF Mainly endothelial 
cells, other cell types  
Serum, cell 
receptors 
Glycoprotein involved in hemostasis Yes48     Yes47 
VEGF Ubiquitous Serum, cell 
receptors 
Promotes angiogenesis Yes48   Yes15   
Claudin -5 Mainly endothelial 
cells  
Cell membrane,  
tight junctions 
Involved in forming tight junctions, 
regulating paracellular transport 
Yes48       
AQP4 Mainly astrocytes Cell membrane Water channel     Yes49   
MMP9 Ubiquitous Extracellular 
matrix 
Involved in breaking down the extra-
cellular matrix 
    Yes49   
HIF -1α Ubiquitous Nucleus, Cyto-
plasm 
Induced by hypoxia, activates cell 
protection response 
    Yes49   
No, Tate et al 2013 
FIGURE 2 | Candidate protein biomarkers for blood-based diagnostics
in traumatic brain injury. 1 Gyorgy et al. (2011) , 2 Svetlov et al. (2010) ,
3 Hardemark et al. (1989) , 4 Rothoerl et al. (2000) , 5 Bellander et al. (2011) ,
6 Gonzclez-Mao et al. (2011) , 7 Haqqani et al. (2007) , 8 Begaz et al. (2006) ,
9 Pleines et al. (2001) , 10Townend et al. (2006) , 11 Zurek and Fedora (2012) ,
12 Honda et al. (2010) , 13 Berger et al. (2005) , 14 Cheng et al. (2010) , 15 Kwon
et al. (2011) , 16 Pineda et al. (2004) , 17Woertgen et al. (2002) , 18 Graham et al.
(2011) , 19 Hergenroeder et al. (2008) , 20 Papa et al. (2012) , 21Vos et al. (2010) ,
22 Pelinka et al. (2004) , 23 Liu et al. (2006) , 24 Berger (2006) , 25 Petzold (2005) ,
26 Anderson et al. (2008) , 27 Siman et al. (2009) , 28 Sandler et al. (2010) , 29 da
Rocha et al. (2005) , 30 Kinoshita et al. (2002) , 31 Stein et al. (2011) ,
32 Hayakata et al. (2004) , 33 Surbatovic et al. (2007) , 34Vitarbo et al. (2004) ,
35 Liu et al. (2010) , 36 Berger et al. (2012) , 37 Papa et al. (2010) , 38 Zemlan et al.
(2002) , 39 Gabbita et al. (2005) , 40 Bulut et al. (2006) , 41 Pike et al. (2001) ,
42 Newcomb et al. (1997) , 43 Ringger et al. (2004) , 44 Saatman et al. (2010) ,
45 Dash et al. (2010) , 46Young et al. (1988) , 47 De Oliveira et al. (2007) ,
48 Ahmed et al. (in preparation), 49 Higashida et al. (2011) , 50 Garman et al.
(2011) , 51 Zurek et al. (2011) , 52 Brophy et al. (2009) .
No, Tate et al 2013 










Figure 1: Diagram of the basic cell types and connections in the CNS (taken from Mcgraw-
Hill, Vander’s Human Physiology 10th Edition, Chapter 6 - Figure 6) This Figure has been 
removed as the author was unable to obtain copyright permissions for its reproduction.
The context of the figure is described below:
Oligodendrocytes: Form myelin sheaths in CNS via processes which wrap around the nerve 
fiber. These layers electrically insulate the fiber and speed signal conduction.
Ependymal Cells: line the ventricles, secrete and circulate(via stereocilia movement) 
cerebrospinal fluid
Microglia: mobile macrophages of monocyte lineage which clear debris and act as the 
innate immune system for the CNS
Astrocytes: Astrocytes: regulate the extracellular environment including potassium ion 
and neurotransmitter concentrations surrounding neurons and serve a role in the BBB 
shuttling nutrients to other cell types from perivascular space. Additionally astrocytes 
have been suggested to play the role of modulating BBB permeability in correlation to
brain activity. 
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Figure 2: Photographs of the Open-Field Blast setup. The plexiglass half-cylinder is the body 
shield for reducing potential non-cranial injury mechanisms. The stainless steel cylinder is 
shown mounted on a support bracket above the wire mesh animal support. (this is a simplified 
setup for clarity). The lower-left panel illustrates a typical blast pressure waveform (solid black 
line) averaged over five measurements. In blue(dashed line) an overlaid plot of the classical 
Friedlander type pressure waveform is shown for comparison. The lower-right panel quantifies 
the intensity of the blast pressure wave as represented by its peak overpressure(in kPa) at 
varying distances from the point of origin. The blast model demonstrates tunable intensity 
with respect to distance. Mild blast was significantly different from moderate and severe 
blast(p<0.001) and all other group comparisons were also significant(p<0.05)(Tukey-Kramer, n 
= 11, 15, 14, for mild, moderate, severe, respectively) Group means ± S.E.M. for mild, 
moderate and severe were: 414.3±15.7, 699.7±45.5, 851.7±29.4 respectively.  
P<0.05 
































Figure 3: Schematic of new (2nd generation) blast setup. Improvements to the design 
include: rigid and modular 80/20 extruded aluminum framing, heavy gauge steel chamber 
supports (with welded toggle clamps), stereotaxic ear-bars and bite-bar for skull restraint 
and threaded transducer mounts in the shock tube driven section. The picture to the right 
shows the assembled working apparatus with an extended 75cm long driven section to 
provide a more fully developed shockwave separated ahead of the contact surface(between 
driver gas and ambient air) and expansion fan(rarefaction wave) , two slower components 









Figure 4: Shadowgraphy images of blast wave. Gas regions with higher density appear 
darker for example the shockwave front. The uniform rapid density transition at the 
wave front is characteristic of a shockwave. It is visible for frames at 15, 30 and 45 µs. 
Using a calibration for dimensional scaling(black scale bar = 1cm) and the frame-by-
frame timing information, the velocity can be determined. The bar graph in to the right 
shows the average velocity as determined from the shadowgraphy data in terms of 
Mach number(i.e. multiples of the speed of sound in air, 343 m/s). The mean velocity of 
our shockwaves was 418.11 m/s (s.e.m.=11.65m/s). The average velocity was 




Figure 5: Behavioral analysis of motor function in an open-field activity box did not indicate 
any significant deficits elicited by the blast exposure at 48hrs post-blast. Analyses included 
average speed (A), distance traveled (B) and percent area covered (C). Mean differences 
were not found to be significant between groups for any of the measures (n=4, matched-
pairs student t-test) 










































































Figure 6: Behavioral analysis of motor function on rotarod did not indicate any 
significant deficits at 48 hours post-blast. Criteria were max revolutions per minute 
and total run time. Group mean differences were not found to be significant (n=4, 
matched-pairs student’s t-test) 



































Figure 7: Tail suspension test for depression indicates significant differences in blast 
and control animals. Healthy animals are more active in trying to manipulate their 
position or escape. Hypoactivity is interpreted as an indicator of depressive state. The 
blast exposed group showed significantly less activity during the test(p<0.01, 




Figure 8: Gross Images of blast exposed rat brain displaying minimal signs of trauma. 
The left panel shows a ventral view of the brain. The bloody area near the brainstem 
is not hemorrhage, but rather some remaining dural/arachnoid tissue. The middle 
panel displays the dorsal view of the brain showing no overt signs of damage except 
possibly a mild localized hemorrhage along midline in the cerebellum. The right panel 




Figure 9: Microscopic evaluation of BBB permeability Control sections (A,C, E(inset 
from C), no blast exposure). Blast exposed tissue(B, D)(F, inset from D) shows 
elevated fluorescence which is most pronounced in the ventral aspects of the slice. 
Panels A and B are transmission channel images for anatomical reference. This 
fluorescence indicates presence of serum albumin bound to Evans blue in the 
tissue(i.e. leaky vasculature).  Note the elevated extra-vascular fluorescence in F 
compared to E. Panel G shows quantifications of average fluorescence in control 
and blast exposed tissues in the ventral region of interest(see white inset boxes). 
Control fluorescence is significantly lower than blast fluorescence (p < 0.005, n = 3 




Figure 10: Anatomical diagram from excerpt from Paxinos and Watson Rat Brain Atlas 
(section: Bregma 0.48mm) compared to EB fluorescence slice images at the same location. 
Panels A and B are transmitted light (anatomical reference) and EB fluorescence images of a 
blast exposed brain section. Panel C and D correspond anatomically to the inset in panel B. 
Panel C is an excerpt from Paxinos and Watson Rat Brain Atlas depicting the anatomical 
regions in the ventral aspect of this section. Abbreviations: mfb – medial forebrain bundle; 
VP – ventral pallidum; ICj – islands of Calleja; Tu – Olfactory Tubercle. The mfb, VP, ICj and 
Tu are all understood to be components of reward circuitry.  
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Figure 11: Hematoxylin and Eosin stained sections of rat lung tissue (8µm paraffin 
sections). Aside from some minor variability in staining intensity, no conclusive 
pathological findings were noted in blast exposed lung. This suggests thoracic protective 
measures were effective in preventing blast-related lung injury. 
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Figure 12: The figure shows western blot results quantified for detection of 
corticotropin releasing hormone(CRH). The blast exposed tissue samples demonstrated 
significantly elevated CRH 48 hours post exposure relative to sham-anesthetized 
controls (* p<0.05, t-test, n = 4). These data suggest elevated stress response following 
blast exposure. 
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Figure 13: Biochemical markers for tissue/cellular stress. A) Acrolein-lysine 
adducts in the brain tissue at one (D1) and five (D5) days post-blast exposure 
were detected via dot blot analysis.  The acrolein-lysine level of both D1 and 
D5 are significantly elevated relative to control (n=5; p<0.001, p<0.05, 
Tukey-Kramer).  In addition, the level of D1 is significantly higher than that 
of D5 (p<0.05, Tukey-Kramer). B) Urine 3-HPMA detected by LC-MS/MS 
relative to urine creatinine content. Urine was collected for three days 
indicating significant elevation of 3-HPMA in the first two days following 
exposure as compared to pre-exposure levels (p<0.05, n=5, matched-pairs, 
Tukey-Kramer). However, on the third day post exposure, the 3-HPMA level 
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